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Abstract 
Most of the studies related to insulator pollution are normally performed based on 
individual analysis among leakage current, relative humidity and equivalent salt deposit 
density (ESDD). This paper presents a correlation analysis between the leakage current 
and the acoustic emissions measured in a 230 kV electrical substations in the city of 
Barranquilla, Colombia. Furthermore, atmospheric variables were considered to develop 
a characterization model of the insulator contamination process. This model was used to 
demonstrate that noise emission levels are a reliable indicator to detect and characterize 
pollution on high voltage insulators. The correlation found amount the atmospheric, 
electrical and sound variables allowed to determine the relations for the maintenance of 
ceramic insulators in high-polluted areas. In this article, the results on the behavior of 
the leakage current in ceramic insulators and the sound produced with different 
atmospheric conditions are shown, which allow evaluating the best time to clean the 
insulator at the substation. Furthermore, by experimentation on site and using 
statistical models, the correlation between ambient variables and the leakage current of 
insulators in an electrical substation was obtained. Some of the problems that bring the 
external noise were overcome using multiple microphones and specialized software that 
enabled properly filter the sound and better measure the variables. 
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Resumen 
La mayoría de los estudios relacionados con la contaminación de aisladores son 
desarrollados normalmente con base en un análisis individual entre la corriente de fuga, 
la humedad relativa y la densidad de los depósitos de sal equivalente (ESDD). Este 
trabajo presenta un análisis de correlación entre la corriente de fuga y las emisiones 
acústicas medidas en una subestación eléctrica de 230 kV, en la ciudad de Barranquilla, 
Colombia. Además, se consideraron variables atmosféricas para desarrollar un modelo de 
caracterización del proceso de la contaminación de los aisladores eléctricos. Este modelo 
fue utilizado para demostrar que los niveles de emisión de ruido son un indicador fiable 
para detectar y caracterizar la contaminación en aisladores de alta tensión. La 
correlación encontrada entre las variables atmosféricas, eléctricas y las de sonido 
permitieron determinar las relaciones para el mantenimiento de los aisladores cerámicos 
en zonas de alta contaminación. En este artículo se muestran los resultados de la 
investigación sobre el comportamiento de la corriente de fuga en aisladores cerámicos y 
el sonido que se producen ante diferentes condiciones atmosféricas, lo cual permite 
evaluar el mejor momento para limpiar el aislador en la subestación. Además, mediante 
experimentación in situ y utilizando modelos estadísticos, se obtuvo la correlación entre 
las variables ambientales y la corriente de fuga de aisladores en una subestación 
eléctrica. Algunos de los inconvenientes que trae el ruido externo en la medición fueron 
superados utilizando varios micrófonos y software especializado que permitían filtrar 
correctamente el sonido y lograr una mejor medición de las variables. 
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Polución de aisladores, corriente de fuga, recepción acústica, medio ambiente, 
aislador cerámico. 
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1. INTRODUCTION 
 
Electrical substations in high-polluted 
zones have major problems with reliability 
of the network. Ceramic insulators are 
commonly subjected to high level of con-
tamination such as marine, industrial, 
sand, and other contaminants that reduce 
their performance and dielectric proper-
ties. Pollution in insulators triggers an 
unfavorable reaction in the increase in 
leakage current, due to high pollution rates 
in the material. 
Insulator washing is performed with 
energized lines to avoid disconnections, but 
the frequency of cleaning each element is 
still unknown for some places due to the 
local climate conditions. The cost of wash-
ing insulators is high, due to the amount of 
activities programmed during a year and 
the material such as water with conductiv-
ity greater than 1500  cm (591  inches). 
Some pollutions problems have been 
previously reported in the city of Barran-
quilla, Colombia [1], [2]. The results 
showed that during the rainy period the 
pollution of insulators was low, but during 
the dry period the pollution was high [1]. 
Few studies have been proposed to evalu-
ate the severity of the pollution on insula-
tors and more methods must be tested to 
identify the different behavior of insulators 
in high-polluted areas. 
Currently, there are several methods to 
detect different levels of pollution. One of 
them is the equivalent salt deposit density 
(ESDD), which is the most direct meas-
urement of conductive contaminants on the 
surface of the insulator. However, this 
procedure needs chemical tests and remov-
ing deposits from insulators, which is time 
and resource consuming [3]. 
Another reliable method to detect the 
levels of pollution in an electrical insulator 
is the monitoring of leakage current. The 
system usually consists of three compo-
nents: the sensor, transducer and software. 
A microprocessor controls the gathering 
and processing of information and the data 
acquisition unit is connected to a computer 
or it is sent remotely using the serial port 
RS-232 [4]. 
Another method used to detect anoma-
lies in the insulators is the infrared image. 
Salt deposits or dirty insulators help the 
appearance of leakage currents and the 
temperature of the equipment increases. A 
thermography image can determine if the 
insulator is at an acceptable temperature 
[5]. This procedure has been complemented 
using image processing to analyze hot 
spots [2]. 
Another method consists in the detec-
tion of arcs or partial discharge of insula-
tor. The method uses an optical sensor 
with a link of fiber, a micro-computer con-
trolled processing module, a link by satel-
lite, and a solar panel with battery. The 
most important characteristics obtained 
from the leakage current signal are stored 
internally in the micro-controller and it 
enables to be transmitted through the 
communication link [6]. Acoustic emissions 
have been used for several applications in 
engineering. Among the application in 
electrical engineering are: corona effect [7], 
electrical machines [8], and insulator mon-
itoring [9]. 
This paper proposes the use of an 
acoustic emission method to identify the 
variation of leakage current with climate 
variables. The test was performed on a 230 
kV substation and several models were 
obtained to correlate climate variables, 
leakage current and noise. 
 
 
2. METHODOLOGY 
 
In this work, statistical analyses were 
carried out to obtain a relationship among 
the leakage current [10], the atmospheric 
variables and the sound produced by pol-
luted ceramic insulators. All behavior of 
the variables were analyzed and compared 
to determine a correlation. 
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2.1 Location 
 
The electric power substation Nueva 
Barranquilla is located in the city of Bar-
ranquilla. The distance to the sea is about 
6.95 km and to the river is 6.08 km. As the 
wind blows from 4-5 m/s, the selected sub-
station is subjected to high sources of pol-
lution as shown in Fig. 1. 
 
 
Fig. 1. Nueva Barranquilla substation. Source: Adapted 
from google maps 
 
2.2 Leakage current measurement 
 
Leakage current measurements were 
performed in a bay of the substation using 
a coil around an insulator as shown in Fig. 
2a. The current circulating through the coil 
was measured using a meter KYORITSU 
model 2432. The ammeter has ranges of 4 
mA, 40 mA and 100 A. The resolution of 
the meter was 0.001 mA and the accuracy 
of ± 1% for the scale of 4 mA and 0 to 80 A 
and ± 5% for the scale of 40 mA and 80.1 to 
100 A. 
 
2.3 Acoustic emissions measurement 
 
The experiment consisted of identifying 
the noise produced by polluted insulators 
and performing a correlation with the 
leakage current. A digital sound meter, 
Extech model 407764, with a data visuali-
zation software was used for the reception 
of noise emissions. All measures were cap-
tured with a computer every 20 seconds for 
2 periods of washing. 
The sound meter was located near the 
current transformer and the leakage cur-
rent meter shown in Fig. 2b. The micro-
phone was located near the insulator to 
better capture the noise. One problem 
presented during the test was the detection 
of external noise produced by other ele-
ments, but the correct location of equip-
ment and the used of multiple microphones 
and software allowed to filter the unwant-
ed noise. 
 
  
a) b) 
Fig. 2. a) Coil used to measure the leakage current, and 
b) leakage current meter and zone to locate the sound 
meter. Source: Authors 
 
2.4 Climate measurements 
 
For this research, ambient tempera-
ture, relative humidity, air pressure, solar 
irradiance, wind speed, and wind direction 
were measured. The weather station was 
placed close to the electrical variables me-
ters. 
During the test, the maximum wind 
speed was 26.1 m/s and the average wind 
speed was 3.4 m/s, being an important role 
in the deposition rate of contaminants on 
the insulator surface. The highest percent-
ages of wind directions were obtained from 
the Northeast and East in a range of 60° to 
120° and the lowest was obtained from the 
North in a range of 0° to 20°. The wind 
direction helped to contaminate the insula-
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tion of the substation due the wind came 
from the main contamination sources as 
the sea and the river. Several insulators 
chains with ceramic plates were suspended 
to confirm that the contamination process 
during the test was obtained according to 
the wind direction. 
 
 
3. RESULTS AND ANALYSIS 
 
Comparisons between the acoustic 
emission measurements, atmospheric vari-
ables and loadability of the line were per-
formed. 
 
3.1 Climate data 
 
Climate variables were measured from 
December 2011 to December 2012. Table 1 
shows maximum, minimum, average, and 
standard deviation of temperature, humid-
ity, atmospheric pressure, radiation, wind 
speed, and wind direction. 
 
3.2 Acoustic emissions 
 
Fig. 3 shows the acoustic emissions 
measured during a washing period. The 
noise emission level was between 50 and 
60 dB SPL for the first day after washing 
insulators. From the second day until the 
sixth day, the noise emission raised gradu-
ally according to the pollution presented in 
insulators, reaching between 60 to 70 dB 
SPL (sound level emitted by a pneumatic 
drill 50'). 
 
Fig. 3. Acoustic emission monitoring during a washing 
period. Source: Authors 
 
In order to confirm the contamination 
level, the ESSD was measured for insula-
tors located at the test points. Experienced 
operators noted the noise started increas-
ing after washing, until the warning of risk 
of failure in the sixth day. In Fig. 3, a noise 
increasing and decreasing is presented due 
to the change in atmospheric conditions 
during the day. However, the noise emis-
sions increased through the days and 
reached the warning decibels for washing 
insulators. 
Fig. 4 shows the emission changes hour 
by hour for 2 days. During the morning (7-
8 am), the noise emissions are reduced due 
to changes in humidity and load, but in the 
afternoon (4 pm) as humidity and load 
changed, the acoustic emissions increased. 
As the test was performed for an open 
substation, some sounds such as cars, con-
struction, humans, among others were 
detected using a sound meter. 
 
Table 1. Climate variables statistics. Source: Authors 
Variable Temperature [°C] Humidity [%] Pressure [mbar] Radiation [W/m2] Wind speed [m/s] Wind direction [°] 
Minimum 22,3 41,0 980,9 2,0 0,0 22,0 
Maximum 35,7 98,0 1009,0 1199,0 27,5 360,0 
Average 29,0 69,5 995,0 600,5 13,8 191,0 
Std. Deviation 2,27594 8,59309 6,02574 248,19133 4,45095 50,97169 
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Fig. 4. Acoustic emissions during 2 days. Source: Authors 
 
A sound test was performed using the 
TrueRTA’s audio spectrum analyzer soft-
ware to identify all noises and separate 
them from the noise produced by leakage 
current. Most external sounds were easily 
filtered and only the noise of the lines and 
transformers close to the test were pro-
cessed as presented in Fig. 5a and Fig 5b, 
to separate them from the noise produced 
by leakage current. 
 
 
a) 
 
b) 
Fig. 5. a) Fourier Spectrum of sound produced by the lines 
and insulators, and b) Fourier Spectrum of sound produced 
by the power transformer. Source: Authors 
 
3.3 Linear model 
 
A linear model based on multiple linear 
regression by transformation Box-Cox 
between the leakage current versus mois-
ture and sound was obtained as follows. 
Yi
′ = Yi
λ
 
(1) 
  
Yi
λ = β0 + β1X1i +⋯+ βnXni + εi 
(2) 
 
Where, Yi is the dependent variable de-
fined as the leakage current and X1, X2,..., 
Xn, are the independent variables defined 
as the acoustic emissions and climate vari-
ables measured during the test. The con-
stants β0, β1,…,βn, are the regression coeffi-
cients in the model, indicating the relative 
weight of the variable in the equation, and 
ε is the error [11]. 
Table 2 shows the test of the model 
considering the value of R-square, the 
absolute error, and the standard error. 
This table shows that the model used has a 
good performance with the input variables 
used to identify the behavior of the leakage 
current. 
 
Table 2. Evaluation of linear model. Source: Authors 
Evaluation Value 
R-square 87.49% 
Adjusted R-square 87.48% 
Standard error 0.06944 
Mean absolute error 0.05427 
Durbin-Watson 1.973 (P=0.05) 
Auto-correlation of residual 0.0134 
 
This model helped to find a relationship 
between the leakage current, humidity, 
and the sound produced by the insulator, 
for different periods and ESSD analysis. 
 
3.4 Correlation analysis 
 
A multivariate analysis with the soft-
ware Statgraphics Centurion was per-
formed. As the test considered more than 
100 samples, the Spearman correlation 
was used and the results are shown in 
Table 3. 
From this correlation, there is a high 
ratio and body moisture leakage current, 
so it is expecting that moisture changes 
from being represented in leakage current 
changes.
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Table 3. Spearman correlation between climate, leakage current and acoustic emissions variables. Source: Authors 
 
Table 4. Spearman correlation among electrical, leakage current and acoustic emissions variables. Source: Authors 
Variables I_leak Temp [ºC] Hum [%] Radiation EA [dBSpl] 
I_leak 1 -0.5805 0.7497 -0.4637 0.6352 
Temp [ºC] -0.5805 1 -0.7482 0.5649 -0.7108 
Hum [%] 0.7497 -0.7482 1 -0.735 0.5942 
Radiation -0.4637 0.5649 -0.735 1 -0.4213 
EA [dBSpl] 0.6352 -0.7108 0.5942 -0.4213 1 
 
 
Another important point of this study is 
the high correlation between noise and 
leakage current, so we can conclude that 
acoustic emissions are a good indicator of 
pollution in the substation. 
Table 4 shows the correlation among 
electrical, leakage current and acoustic 
emissions. Voltage, acoustic emissions and 
leakage current have a high correlation, 
which can be related to the load change 
during the day. 
Although this result is important for 
maintenance, it is important to perform 
more studies of the correlation of common 
events to determine their behavior for long 
periods. 
 
 
4. CONCLUSIONS 
 
In this research, the variation of the 
sound was registered and associated with 
other climate variables, founding the most 
significant relations among them. This 
paper has shown that insulator pollution 
and noise emissions are highly correlated 
and can be used to identify insulator pollu-
tion variation. Another important finding 
in this study is the confirmation that the 
change in humidity and voltage are good 
indicators of the change in leakage current, 
therefore load changes must be considered. 
Although this pattern is repeated during 
the 7 days of the week, there is a progres-
sive increase emission over time represent-
ing a pollution increasing. Other noises 
were detected such as flashing, aircrafts, 
personnel, but those do not interfered dur-
ing the test due to the shortest noise peri-
ods they produced, all different sounds 
were identified and separated for the anal-
ysis. The linear model obtained good re-
sults to represent the leakage current from 
variables such as acoustic emissions and 
climate variables. The test was performed 
in a real 230 kV electric substation, where 
insulator washing must be always per-
formed, avoiding to obtain the maximum 
noise of circuit failure. In future research, 
we will determine a pollution map using 
the sound meter, improve the acoustic 
emissions model according to the climatic 
change during different seasons, analyzed 
the different air pollutants in the area, and 
model the behavior of different contami-
nants and insulators. 
 
Variables I_leak EA [dBSpl] I [A] P [MW] Q [MVAR] S [MVA] V [kV] 
I_leak 1 0.5919 -0.2716 0.2969 0.3622 -0.2745 0.6343 
EA [dBSpl] 0.5919 1 -0.2086 0.2082 0.1461 -0.2055 0.4476 
I [A] -0.2716 -0.2086 1 0.993 -0.3593 0.998 -0.7363 
P [MW] 0.2969 0.2082 0.993 1 0.4198 -0.99 0.7774 
Q [MVAR] 0.3622 0.1461 -0.3593 0.4198 1 -0.3439 0.734 
S [MVA] -0.2745 -0.2055 0.998 -0.99 -0.3439 1 -0.7273 
V [kV] 0.6343 0.4476 -0.7363 0.7774 0.734 -0.7273 1 
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